ABSTRACT: Polymeric carbohydrates, starch and nonstarch polysaccharides (NSP), quantitatively represent the largest portion of the diets for pigs and are, therefore, the largest energy contributor. The 2 types of polysaccharides, however, have different fates and functions in the gastrointestinal tract and lead to different metabolites upon digestion. Pancreatic and mucosal enzymes in the small intestine break down the majority of starch, whereas NSP primarily are degraded by the microflora in the large intestine. Starch degradation leads to the release of glucose, which is absorbed by an active absorption process that triggers the release of insulin from the pancreas, whereas the fermentation of NSP to short-chain fatty acids (SCFA; i.e., acetate, propionate, and butyrate) occurs at a slower and more constant rate and with SCFA being absorbed by passive diffusion. Type and amounts of polymeric carbohydrates influence growth and development through different mechanisms. First, the proportion of starch to NSP plays an important role for the content of available energy (i.e., DE, ME, and NE); available energy relative to protein is crucial for performance and carcass quality. Second, the proportion of starch to NSP will influence rate and type of metabolites (i.e., glucose vs. SCFA) deriving from carbohydrate assimilation. Third and finally, the type of starch (i.e., types A, B, and C) and soluble NSP will influence the release of insulin, the hormone that facilitates nutrient uptake by tissues, organs, and cells, and thus plays a critically essential role in protein synthesis and muscle growth, as well as lipid synthesis and adipose tissue growth. In conclusion, polymeric carbohydrates influence growth and development through events in the gut and direct and indirect effects of different metabolites deriving from carbohydrate assimilation.
INTRODUCTION
Polymeric carbohydrates are naturally occurring compounds that consist of carbon, hydrogen, and oxygen in the ratio of C n :H 2n :O n . Polymeric carbohydrates consist of starch and nonstarch polysaccharides (NSP) and are the single most abundant source of feed energy in pig diets (Bach Knudsen and Jørgensen, 2001) . The linkages between the carbohydrate components and the way the different carbohydrate molecules are organized have a great impact on the site where the different polymeric carbohydrates are degraded and how the carbohydrates influence the physiology of the gastrointestinal tract. The majority of the α-linked starch are degraded to glucose by the endogenous enzymes that either are secreted to the intestinal lumen or present on the epithelial brush border (Moran, 1985; Gray, 1992) . Others, those with β-linkages and present in NSP, have to be degraded by microbial enzymes and are further processed through different metabolic pathways to short-chain fatty acids (SCFA; primarily acetate, propionate, and butyrate] and gases (Bach Knudsen, 2005) . These processes, which all occur in the lumen or on the interface between the lumen and the gut epithelium, break down the carbohydrates, some of which have molecular weights of several million, to small organic molecules with sizes less than 180 Da. All the degradation products are water-soluble and can pass the intestinal lining, either through active absorption 1 Based on a presentation at the Triennial Growth Symposium titled "Dietary Regulation of Growth and Development," preceding the Joint Annual Meeting, July 11 to 15, 2010, Denver, Colorado. The symposium was sponsored, in part, by the European Federation of Animal Science (EAAP, Rome, Italy), Pfizer Animal Health (Kalamazoo, MI), and Elanco Animal Health (Greenfield, IN) with publication sponsored, in part, by the Journal of Animal Science and the American Society of Animal Science.processes or facilitated diffusion (Moran, 1985; Gray, 1992; Bach Knudsen, 2005) . A part of the NSP fraction will not be degraded during passage through the large intestine but will have an impact on the physiology of the gut due to its physical presence in the gut lumen.
Energy intake is known to have a profound influence on growth and body composition (Bikker et al., 1995 (Bikker et al., , 1996a , and because polymeric carbohydrates represent the largest feed energy source, their composition has a profound influence on the efficiency of converting feed energy into body growth and composition (Just, 1982a (Just, ,b, 1984 . For instance, replacing starch with NSP will, beyond the physical capacity of the gastrointestinal tract, have a negative influence on growth rate because less energy is available for absorption (Just, 1982a (Just, , 1984 . These conditions, however, also make pigs leaner as less readily available energy (i.e., glucose) is provided, and therefore, fewer precursors for conversion into lipids are provided.
The objective of this paper is to review factors associated with polymeric carbohydrates that may influence growth and development of pigs. The review will address the polymeric carbohydrates in the diet, digestion and absorption, regulation, and influence of polymeric carbohydrates on growth and development in pigs.
STARCH
Native starch is a semi-crystalline material synthesized as roughly spherical granules in many plant tissues (Gallant et al., 1992) of which cereals, peas, and beans are the most important feedstuffs in the nutrition of pigs and poultry (Bach Knudsen, 1997) . The true density of starch varies from 1.4 to 1.6 g/cm 3 and the size from submicron to 200 μm or more among botanical source. The size of the starch granule has an impact on the surface-area-to-volume ratio, which is in the range of 0.08 to 3.0 (1/μm) among the most common starches (Tester et al., 2006) . The larger the granules, the smaller the surface-to-volume ratio and, hence, the less surface to be attached to and hydrolyzed by enzymes encountered in the digestive tract. A study by Ring et al. (1988) has shown that the rate and extent of α-amylase hydrolysis of starches from different botanical sources was wheat > maize > pea > potato, which broadly reflects increasing granule size (Tester et al., 2006) .
Pure starch consists predominantly of α-glucan (~99% DM) in the form of amylose and amylopectin. Amylose is roughly a linear α(1-4) molecule (~99% of the linkages is 1-4) with a molecular weight of ~1 × 10 5 to 1 × 10 6 , whereas amylopectin is a much larger molecule (molecular weight ~1 × 10 7 to 1 × 10 9 ) that is heavily branched with ~95% α(1-4) and ~5% α(1-6) linkages (Table 1) . The 2 α-glucans are present in various proportions in the starch granules, and the starches are defined as waxy when the percentage of amylose to amylopectin is low (<15%), normal when amylose represents ~16 to 35%, and high amylose (or amylo-) when amylose exceeds ~36% (Ring et al., 1988) . Within each starch granule, amylopectin forms a branched helical crystalline system consisting of double helices of α(1-4) linear units interspersed with amorphous lamella comprising α(1-6) branched regions of amylopectin and amylose (Biliaderis, 1991; Gallant et al., 1992) . The amount of native starch hydrolysis by amylases is reported to be inversely related to the amylose content, where high amylose starches are especially resistant. Studies using x-ray diffraction have revealed that starch can be divided into types A, B, and C (Biliaderis, 1991) . Type A starch is present in cereals and has, in general, an open structure, whereas the type B starch is more compact and found in tubers as in, for example, potatoes. Type C starch is a combination of A and B starch and is present in legumes (Würsch et al., 1986) .
The feed starches are always present in grains and legumes in association with proteins, many of which are relatively hydrophobic, and the protein-starch network is surrounded by cell walls. The starch tends, therefore, to be maintained in the interior of the ingested particles protected from water. Starches from tubers and legumes are particularly well protected from the polar environment of luminal fluids, but even α-amylase may not have access to starch in cereals unless the grains have been physically altered. This was demonstrated in a study of Lichtenwalner et al. (1978) where not only the amylose-to-amylopectin ratio influenced the in vitro starch digestibility of sorghum but also pronase treatment. The principal processes facilitating starch availability for water penetration and consequent α-amylase action are physical processing (e.g., cracking, grinding, roller milling) of the grain and heating (e.g., pelleting, expanding, extrusion). Hydrothermal treatment alters the physical form of the starch from a crystalline to a gel structure, which enlarges the surface and promotes efficient entry into the polar solution for interaction with α-amylases (Biliaderis, 1991) . Chilling after cooking re-alters the physical state of the polysaccharide during which the linear amylose and linear parts of amylopectin molecules rearrange themselves (i.e., retrograde) sufficiently to reduce the digestibility. Starches with a high proportion of amylose are usually more susceptible to reduced digestibility after heat processing than the waxy types (Brown et al., 2001) . Thus, although all starches potentially can be digested by α-amylase and the brush-border enzymes in the small intestine, a certain fraction of starch will resist digestion in the small intestine either because the starch is trapped within whole plant cells and food matrices (i.e., resistant starch; RS), because of the crystalline nature of the starch granule, because the starch is retrograded, or because the starch is chemically modified (Englyst et al., 1992) . A further nutritional classification of starches into rapidly digestible starch and slowly digestible starch is also used in human nutrition to distinguish starch according to the rate of hydrolysis in the small intestine.
NSP
The NSP consist of a series of soluble and insoluble polysaccharides predominantly present in primary or secondary plant cell walls (Figure 1 ; Selvendran, 1984; Carpita and Gibeaut, 1993; McDougall et al., 1996) . Monocotyledonous cereals and dicotyledonous legumes are the most important dietary ingredients for the nutrition of pigs (Theander et al., 1989; Bach Knudsen, 1997) . The building blocks of the cell wall polysaccharides are the pentoses (i.e., arabinose and xylose), the hexoses (i.e., glucose, galactose, and mannose), the 6-deoxyhexoses (i.e., rhamnose and fucose), and the uronic acids (i.e., glucuronic and galacturonic acids or their 4-O-methyl ethers). Although the cell wall polysaccharides are built from only 10 common monosaccharides, each monosaccharide can exist in 2-ring (i.e., pyranose and furanose) forms, and these residues can be linked through glycosidic bonds at any one of their 3, 4, or 5 available hydroxyl groups and in 2 (i.e., α or β) orientations. As a result, cell wall polysaccharides can adopt a huge number of 3-dimensional shapes and can thereby offer a vast range of functional surfaces. The NSP can also be linked to lignin and suberin, which provide hydrophobic surfaces. In addition, charged groups on polysaccharides (i.e., the acid group on uronic acids) can affect the ionic properties and be esterified at different degrees.
The physicochemical properties, hydration properties, and viscosity of the NSP are linked to the type of polymers that make up the cell wall and their intermolecular association (McDougall et al., 1996) . The hydration properties are characterized by the swelling capacity, solubility, water-holding capacity, and waterbinding capacity. The latter 2 have been used interchangeably in the literature because both reflect the ability of a fiber source to immobilize water within its matrix. The first part of the solubilization process of polymers is swelling in which incoming water spreads macromolecules until they are fully extended and dispersed (Thibault et al., 1992) . Solubilization is not possible in the case of polysaccharides that adopt regular, ordered structures (e.g., cellulose or arabinoxylans present in the husk layer; Figure 1 ) because the linear structure increases the strength of the noncovalent bonds, which stabilize the ordered conformation. Under these conditions, only swelling can occur (Thibault et al., 1992) . The majority of polysaccharides give viscous solutions if dissolved in water (Morris, 1992) and may interfere with the digestion and absorption processes in the foregut because viscosity may reduce the rate of gastric emptying and interfere with the absorption of nutrients from the small intestine. The viscosity is dependent on the primary structure, the molecular weight of the polymer, and the concentration. Large molecules increase the viscosity of diluted solutions, and their ability to do so depends primarily on the volume they occupy (Wood, 2004) .
Polymeric Carbohydrates in Feedstuffs
The concentration and composition of polymeric carbohydrates and total carbohydrates are shown in Table   2 . Polymeric carbohydrate represented by far the greatest proportion of the carbohydrates in feeds. In cereals, starch represents the greatest fraction of polymeric carbohydrate, whereas NSP makes up the greatest fraction of polymeric carbohydrate in protein-rich materials.
The main NSP in cereal and cereal coproducts are cellulose, arabinoxylans, and mixed linked β(1-3) (1-4)-d-glucan (i.e., β-glucan) but with a significant difference in relative proportions, structure, and crosslinkages to other components in the different cereals (Theander et al., 1989; Bach Knudsen, 1997) . The cell wall composition of protein-rich feedstuffs is far more complex than is the case with the cell walls of cereals. The primary cell walls of pea and soybean cotyledons are composed mainly of pectin polysaccharides (i.e., rhamno-galacturonans), cellulose, xyloglucans, and glycoproteins. Arabinans (in the case of peas) and arabinogalactans (in the case of soybeans) can be present both free and linked to rhamnogalacturonans (Selvendran, 1984) . The cell walls of seed hulls also contain significant amounts of pectin polysaccharides in addition to cellulose and acidic xylans, whereas the lignin content is rather low and far less than in the hull of cereals. In contrast to nonendospermic seeds, all endospermic leguminous seeds contain galactomannans, which are deposited on the cell walls of the endosperm during seed development and are later mobilized during germination of the seeds, as is the case with starch.
Digestion and Absorption of Starch
The only carbohydrases secreted by pigs are salivary and pancreatic α-amylases, which digest α-1,4- glucosidic linkages as in starches (Kidder and Manners, 1980; Moran, 1985; Gray, 1992) . Quantitatively, salivary α-amylase contributes insignificantly to the degradation of starch because it is acid labile and rapidly degraded in the stomach where the pH typically will be in the range of 2 to 4 (Argenzio and Southworth, 1974; Duke, 1986) . The vast majority of starch is, therefore, degraded by pancreatic α-amylase in the intestinal lumen. The base of the pancreatic juice secreted into the duodenum increases the pH to 5 to 6, which further increases along the length of the small intestine to reach neutrality in the ileum (Argenzio and Southworth, 1974; Duke, 1986) . The increased endogenous secretion in the duodenum also ensures dilution of the feed residue to ~10%, which helps the polar solution penetrate the feed particles and thereby ensures an efficient cleavage of starch. Alpha-amylase has no specificity for the α-1,6 linkages present in amylopectin, and the capacity to break a-1,4 links adjacent to the branching point is sterically hindered. Consequently, end products of α-amylase digestion are maltose, maltotriose, and α-limit dextrins. Because there is no integral transport process in the intestinal enterocyte that can accommodate anything larger than free glucose (Moran, 1985; Gray, 1992) , the oligosaccharides have to be degraded further to glucose by surface oligosaccharidases, which are large glycoprotein components of the intestinal surface brush-border membrane (Breves et al., 2007 (Breves et al., , 2010 . Glycoamylase (i.e., amyloglucosidase, maltase-glucoamylase) is capable of removing single α-1,4-linked glucose residues sequentially from the nonreducing end, but is blocked when an α-1,4-linked glucose becomes located at the terminal end of the saccharide. Alpha-dextrinase is the only carbohydrase capable of cleaving the nonreducing terminal α-1,6 link after it has been uncovered by action of the other enzymes (Moran, 1985; Gray, 1992) . The shorter α-1,4-linked oligosaccharides, such as maltose and maltotriose, are then cleaved to glucose by sucrase, which is a highly efficient α-1,4 glucosidase. The final glucose product can then be transported by the specific glucose carrier, an integrated brush-border glycoprotein expressed only in the small intestine and with a high affinity for the monosaccharide. The actual driving force for uphill transport of glucose into the enterocyte is provided by the Na-K ATPase, which pumps the intracellular Na + across the basolateral membrane (Breves et al., 2007 (Breves et al., , 2010 . Glucose probably diffuses from the basolateral (i.e., serosal) surface to the capillaries of the villous core and further to the portal vein.
The glucose response in the portal vein after a meal is very rapid (Figure 2 ) with a significant rise in portal glucose concentration compared with the basal level. As quickly as 10 min after a meal, there is a significant increase in blood glucose that peaks 20 to 30 min after the meal (Ellis et al., 1995; Bach Knudsen et al., 2000b) . From this point onward, there is a steady decline in the glucose absorption until the next meal. Soluble isolated fiber, guar gum, and β-glucan, can delay the absorption rate of glucose (Ellis et al., 1995; Hooda et al., 2010) , whereas soluble fiber from natural fiber sources will have no or little effect (Bach Knudsen et al., 2000b , 2005 Bach Knudsen and Jørgensen, 2007; Theil et al., 2010) .
The type of starch and the NSP quantities have a profound influence on the portal concentration and flux of glucose (Table 3) . When fed gelatinized starch from cereal-based diets as breads (i.e., type A starch), the glucose concentration and flux are greater than when pigs are fed greater amounts of NSP (Bach Knudsen et al., 2000b , 2005 . However, the starch type has a greater influence on the rate of glucose delivery to the portal vein explicitly pointed out by native pea starch (i.e., type C), giving rise to a slower and more uniform supply of glucose over the sampling period compared with hydrolyzed maize starch (van der Meulen et al., 1997a) . This is even more pronounced when ingesting raw potato starch (i.e., type B; van der Meulen et al., 1997b) , which is the least digestible starch (greater crystallineresistant starch) in vitro (Englyst et al., 1992) and in vivo (Sun et al., 2006) . The outcome is a decline in the portal concentration and flux of glucose in response of replacing maize with raw potato starch.
FERMENTATION OF NSP AND RS
Microbial fermentation occurs to a varying degree in the gastrointestinal tract of pigs. The transit of fluids and solids through the stomach and small intestine is generally rapid with little or no accumulation at any point. These conditions are unfavorable for the establishment of prolific bacterial growth, and most studies show a relatively low microbial activity in these segments (Bach Knudsen et al., 1991; Jensen and Jør-gensen, 1994) . However, lactic acid (LA) is present in significant quantities in the stomach and distal small intestine (Bach Knudsen et al., 1991) and appears in the portal vein in the early phase of absorption (Figure 2 ). The absorption of LA is better synchronized with the absorption profile of starch than SCFA (Bach Knudsen et al., 2000a; Serena et al., 2007) . In some studies, the estimated absorption of LA is close to the absorption of SCFA (Bach Knudsen et al., 2000b) when very low fiber diets are fed, but SCFA will clearly outpace LA at greater NSP amounts (Bach Knudsen, 2005) . Further, it cannot be excluded that the absorption of LA in experiments with catheterized pigs is overestimated because a significant proportion of LA can derive from glucose oxidation in the gut (Vaugelade et al., 1994) .
In contrast, the large intestine is characterized as an anaerobic fermentation chamber with a decreased oxygen concentration, a slower flow rate, and a greater moisture content, all of which are conditions that favor bacterial growth that may reach 10 11 to 10 12 viable bacteria/g of fresh material. The microbial ecosystem of the gastrointestinal tract thus contains hundreds of species of anaerobic bacteria, with each species occupying a particular niche and with numerous interrelationships among them (Louis et al., 2007; Flint et al., 2008) . The products of fermentation from dietary residues in the large intestine are SCFA that are used as a substrate for intestinal cell growth and renewal or are excreted in feces (Bergman, 1990) , gases that are excreted through flatus and expiration (Jensen and Jørgensen, 1994) , and microbial biomass. The bacteria have access only to the dietary residues that escape digestion in the small intestine. These carbohydrates arrive in various states and with varying solubilities, chain lengths, and associations with other molecules. Cell-wall polysaccharides, such as β-glucan, arabinoxylans, and pectins, can become solubilized after their release from the cell wall structure and with variable modifications depending on the chemical nature and cross-linkage to phenolic compounds (Johansen et al., 1997; Bach Knudsen and Laerke, 2010) . The rate and overall degree of degradation of these oligosaccharides and polysaccharides in the large intestine is influenced by their chemical nature, solubility, and degree of lignification. Thus, β-glucans, soluble arabinoxylans, and pectins (Bach Knudsen et al., 1993; Canibe and Bach Knudsen, 1997; Glitsø et al., 1998; Le Gall et al., 2009) are all degraded in the cecum and proximal colon, whereas the more insoluble NSP (e.g., cellulose and insoluble arabinoxylans) are degraded more slowly and at more distal locations of the colon (Bach Knudsen et al., 1993; Canibe and Bach Knudsen, 1997; Glitsø et al., 1998; Le Gall et al., 2009) .
The absorption of SCFA to the portal vein is by passive diffusion and occurs at a much slower and more constant rate than glucose (Figure 2 ). The diurnal variation in the portal concentrations of SCFA is usually limited in pigs fed conventional diets, the exceptions being when increased quantities of readily fermentable carbohydrates (e.g., lactose or sugar alcohols) are fed (Giusi-Perier et al., 1989; Rérat et al., 1993) or after prolonged fasting (Rérat et al., 1987; Bach Knudsen, 2005) .
ABSORPTION OF PRODUCTS DERIVING FROM POLYMERIC CARBOHYDRATE ASSIMILATION
Several studies have shown that the supply of carbohydrate-providing nutrients to the body takes place in 2 phases: a phase with rapid and increased influxes of nutrients (i.e., absorptive phase) and a phase with decreased influx of nutrients (i.e., postabsorptive phase; Giusi-Perier et al., 1989; Rérat, 1996; Bach Knudsen, 2000b , 2005 ; Figure 2 ). The length of the absorptive phase and postabsorptive phase, respectively, depends on the feeding regimen. With feeding 3 times daily, the absorptive phase lasts approximately 4 to 5 h after each feeding (Bach Knudsen et al., 2000b , 2005 . In the absorptive phase, reducing sugars are clearly the dominant products derived from carbohydrate assimilation and are 4 to 8 times greater than of SCFA. In the postabsorptive phase, however, SCFA become increasingly important, and the amount of SCFA absorbed may equal the amount of reducing sugars absorbed during the last hours before the next meal.
The relative proportion of energy absorbed as reducing sugars or SCFA is strongly influenced by the dietary carbohydrate composition. Thus, a significant rise in absolute and relative contribution of SCFA to the energy supply of the animals is seen when the carbohydrates fermented in the large intestine is raised either by NSP, RS, poorly absorbed sugars, or sugar alcohols (Giusi-Perier et al., 1989; Rérat et al., 1993; Bach Knudsen et al., 2000b , 2005 . For instance, the portal flux of SCFA increases (r = 0.90) and that of glucose decreases (r = -0.70) in response to more carbohydrates being fermented in the large intestine (Table 3). This also influences the proportion of energy absorbed as glucose or SCFA; only ~4% of absorbed energy derives from SCFA with the low nondigestible carbohydrate maize starch diets, whereas it was 44% when the high nondigestible carbohydrate potato diet was fed (Table 3) .
REGULATION OF ABSORPTION PRODUCTS FROM CARBOHYDRATE ASSIMILATION
Insulin is the metabolic hormone most responsible for facilitating nutrient uptake by tissues, organs, or cells, and thus plays a critical essential role in protein synthesis and muscle growth, as well as in lipid synthesis and adipose tissue growth (Fulks et al., 1975) . Insulin is an acute-acting metabolic hormone, and as such, it exhibits concentration changes in the blood that follow a feed ingestion pattern (Figure 2) . After ingestion of a meal, nutrients are absorbed to the portal vein, which triggers the release of insulin from the pancreas. This occurs very rapidly; 10 min after initiation of the consumption of a meal, insulin concentration in the portal vein is increased significantly compared with the prefeeding stage, with peak insulin concentrations usually found 20 to 30 min postprandially (Ellis et al., 1995; Bach Knudsen et al., 2000b) . In consequence of a reduced uptake of nutrients from the gut, there is a steady decline in the circulating insulin concentrations. Synthesis of the skeletal muscle protein is sensitive to this cyclicity of nutrient intake, and the insulin concentration changes. Insulin stimulates glucose and AA uptake by muscle, and it has been shown to stimulate protein synthesis and decrease protein degradation in short-term in vitro and in vivo experiments (Fulks et al., 1975; . Several factors associated with polymeric carbohydrates (i.e., rate of starch digestion and the concentration of soluble and insoluble NSP) can influence the rate of insulin release. Free glucose and feeds high in rapidly digestible starch (i.e., increased amylose pectin) will result in a rapid rise in the concentration of glucose in the circulation and a concomitant rapid increase in insulin response (van Amelsvoort and Weststrate, 1992; Higgins et al., 1996) . Chronic feeding of greater glycemic index (GI) diets to mice also caused development of hyperinsulinaemia after an oral glucose challenge (Pawlak et al., 2004) . The effect of soluble NSP is less consistent because studies with isolated polysaccharides (i.e., guar gum and β-glucan) have shown a reduced rate of glucose absorption and an attenuated insulin response in pigs (Ellis et al., 1995; Hooda et al., 2010) , whereas the effect of soluble NSP from natural sources appears to be insignificant in pigs (Bach Knudsen et al., 2000b Theil et al., 2010) .
On the contrary, the applied feeding strategy is a major contributor to the insulin economy. In a study in which pigs were provided the daily allowance with 40% in the morning after a 14-h fast, 40% 5 h later, and only 20% in the evening 5 h past the second meal, there was a major difference in insulin economy (Table 4) . At the morning feeding, pigs were in a catabolic state before the first daily meal, as indicated by a negative net portal flux of glucose (i.e., indicating mobilization of glycogen or gluconeogenesis) and increased NEFA concentrations indicating mobilization of fat (Theil et al., 2010) . In contrast, pigs were in an anabolic state when offered the second daily meal. In another study where pigs were fed 3 meals a day of equal size approximately every 8 h, the pigs responded in approximately the same way as in Figure 2 after consumption of the first daily meal . However, when pigs were fasted for 24 h and then fed a single meal, they responded by eliciting a profoundly greater secretion of insulin, which also was associated with a reduced glucose clearance from the blood during the postprandial period . Together, these results indicate that insulin secretion, insulin sensitivity, and thereby, insulin economy are affected to a large extent by the diurnal variation in energy supplied from the gastrointestinal tract.
Recent studies with laboratory animals, growing pigs, and human subjects have further pointed to products deriving from microbial fermentation in the large intestine and butyrate in particular to be linked to the insulinemic response. Butyrate has been found to be an important nutrient in the release of hormones regulating energy homeostasis (Zhou et al., 2006) for improved insulin sensitivity and for increased energy expenditure in animals (Gao et al., 2009) . Zhou et al. (2006) reported that butyrate stimulated expression of peptide YY and proglucagon genes in coca and colon cells in rats, thereby signaling satiety. In a recent study, the greatest total absorption of SCFA and absorption of butyrate after consumption of a rye-based diet was associated with the least insulin secretion (Theil et al., 2010) . A greater butyrate production may indeed be a central player for the insulinemic response. In addition, animals whose colon has been surgically removed face problems in regulating plasma concentrations of glucose, as reviewed by Robertson (2007) . The mechanism(s) behind the insulinemic effect of butyrate is not entirely clear, but studies with human subjects indicated that they appear to involve the adipose tissue metabolism (Robertson et al., 2005; Robertson, 2007) . Enhanced colonic fermentation increases plasma FFA release, decreases fat deposition, and reduces adipogenesis, resulting in smaller adipocytes that release greater quantities of adiponectin, with lesser quantities of pro-inflammatory adipokines and greater quantities of leptin (Robertson, 2007) .
INFLUENCE OF POLYMERIC CARBOHYDRATES ON GROWTH AND DEVELOPMENT
Studies have shown that increasing the amount of carbohydrates in the diet increases N retention and inhibits protein degradation, as reported in studies with both rats and pigs (Fulks et al., 1975; . This increase in dietary carbohydrates may improve growth performance and affect plasma metabolites brought about by rapidly digestible and absorbable carbohydrates. However, the results have been variable; dietary sucrose addition and the use of waxy cereals have shown variable results (Camp et al., 2003; Shelton et al., 2004) . Waxy cereals (i.e., sorghum and corn) contain approximately 100% amylopectin, which in vitro and in vivo has been shown to be more rapidly available than amylose (Rooney and Pflugfelder, 1986) . Increasing the supply of available carbohydrates in the diet would be expected to have a beneficial effect on carcass traits if energy is limiting for protein accretion (Fuller and Crofts, 1977; . A possible explanation could be that glucose specifically inhibits protein degradation, as indicated by the study of Fulks et al. (1975) . However, a study with waxy sorghum showed that the only carcass trait where there was a tendency to be affected by feeding of waxy sorghum was kilograms of carcass fat, which was slightly decreased in pigs fed waxy sorghum relative to pigs fed corn or nonwaxy sorghum (Table 5 ; Shelton et al., 2004) . A study with waxy corn (Camp et al., 2003) reported a decrease in 10th-rib fat thickness, which, however, was not affected by the diet in the study of Shelton et al. (2004) . In a study of Camp et al. (2003) , an increase in carcass weight and length, but no effect on fatness or leanness, was reported when feeding waxy corn. Thus, presently there is not enough evidence that the type of starch influences carcass composition of pigs. Table 4 . Portal blood flow (L/min), apparent insulin secretion (nmol/h), and portal NEFA content (μEq) and absorption of nutrients (mmol/h) and energy (kJ/h) derived from assimilated carbohydrates at fast and during 2 postprandial phases (Ph I: 0 to 2.5 h, Ph II: 2.5 to 5 h postfeeding) in pigs fed wheat whole-grain (WWG), wheat aleurone flour (WAF), or rye aleurone flour (RAF) breads at first (0900 h) and second meal (1400 h Fasting quantities were not included in the statistical meal × phase test. Significant differences between fasting and postprandial quantities were obtained using Wald's test.
3
SEM is not an appropriate measure of variance because data were logarithmically transformed before data analysis. Instead, 95% confidence limits are given in brackets.
4 SCFA = short-chain fatty acids.
From the study with sorghum starch type, it was also evident that the starch type had no effect on either glucose or insulin kinetics (Table 6 and Figure 3 ; Shelton et al., 2004) . During the feeding challenge, plasma concentrations and the area under the curve for glucose were numerically decreased in pigs fed the waxy sorghum compared with those fed the nonwaxy sorghum diet. These results were unexpected in view of the fact that the starch in waxy sorghum should be more readily available, as indicated by in vitro and in vivo digestibility data (Rooney and Pflugfelder, 1986) and plasma glucose and insulin concentrations obtained in laboratory animals and human subjects (van Amelsvoort and Weststrate, 1992; Higgins et al., 1996) . A possible explanation could be that, in sorghum, the starch granules are locked in a hydrophobic protein matrix ( Figure  1 ), which could potentially override the variation in digestibility obtained by different starch types (Lichtenwalner et al., 1978; Rooney and Pflugfelder, 1986) .
Long-term studies with laboratory animals (i.e., rats and mice), however, have shown that chronic consumption of high-GI diets leading to hyperinsulinemia influenced body composition (Pawlak et al., 2004; Scribner et al., 2008) . It was speculated by Pawlak et al. (2004) that chronic hyperinsulinemia induced by high-GI diets alters nutrient partitioning in favor of fat deposition, shunting metabolic fuels from oxidation in muscle to storage in fat. Support for this idea came from 4 lines of evidence. First, long-term insulin administration in normal rats caused increased insulin sensitivity in fat tissue and BW gain (Cusin et al., 1992) . Second, muscle-specific inactivation of the insulin receptor increased adiposity in mice (Kim et al., 2000) . Third, rats given high-GI food for 3 to 5 wk showed increased glucose transporter type 4 expression in fat tissue, fattyacid synthase activity in fat, glucose incorporation into total lipids, and adipocyte size compared with animals given low-GI diets (Lerer-Metzger et al., 1996; Kabir et al., 1998) . Fourth, analysis showed that the insulin concentration 30 min after glucose administration at the beginning of the experiment predicted 84% of the individual variance in BW at the end of the experiment among high-GI rats, but none of the variance among low-GI rats (Pawlak et al., 2004) . A recent study has further showed that in mice fed a high-GI diet, there was a rapid-onset marked increase in body fat mass and liver fat, a gene expression profile in liver consistent with increased lipogenesis, and, after long-term exposure, significantly reduced glucose clearance after a glucose load (Scribner et al., 2008) . Moreover, longterm high-GI diet consumption led to a delayed switch to both carbohydrate and fat oxidation in the postprandial state, indicating reduced metabolic flexibility (Isken et al., 2010b) .
The ratio of energy consumed as starch relative to NSP by pigs may influence the anatomical and chemical composition indirectly through their influence on gut fill and thereby on carcass weight (Table 7) . Metabolizable energy concentration (ME/kg of DM) is influenced by the concentration of NSP in the diet and influences daily feed intake and the meatiness of the carcass if self-feeders are used (Just, 1984) . Just (1982a Just ( , 1984 examined the influence of crude fiber on gut fill, body composition, and energy utilization in a balance-slaughter experiment. The main results of the study are reported in Table 7 . The energy concentration of the diets varied from 2.16 to 3.77 Mcal of ME/ kg of DM and, as a result, the pigs fed the low-density diet had to consume 1.8 times as much dietary DM as those fed the high-density diet to obtain similar BW through the growth period from 20 to 90 kg. Although the pigs were slaughtered at the same BW, pigs fed the greater amounts of fiber possess a lighter empty BW and carcass weight (Just, 1982a (Just, , 1984 . The digestive tract content was increased by 0.013 kg/g of fiber, demonstrating the importance of correcting BW of animals for differences due to gut fill before calculating the maintenance requirement.
It is also clear from Table 7 that the percentage of DM in the empty body and the percentage of fat in the empty body DM decreased with increasing fiber, whereas the protein in the empty body DM increases. The dissection of the carcass further showed that the percentage of muscle in the carcass increased, and the percentage of the subcutaneous fat decreased with increasing fiber (Just, 1984) . The changes in carcass composition are partly an indirect effect of the decreased carcass weight of fiber-fed pigs because the meatiness of pig carcasses generally increases with decreasing carcass weight, as also shown in studies with ground straw and cellulose (Just, 1982b; Just et al., 1983) .
A recent study with C57BL/6J mice prone to obesity that were fed an isoenergetic and macronutrientmatched high-fat diet with added guar gum as soluble fiber or oat hull as insoluble fiber also showed marked differences in body composition (Isken et al., 2010a) . After 45 wk, mice fed soluble vs. insoluble fiber showed significantly increased BW (41.8 ± 3.0 vs. 33.6 ± 1.5 g, P = 0.03), but with a significantly smaller proportion of the BW increase as body fat. The likely cause of the difference is the greater digestibility of energy when consuming the soluble fiber diet leading to a greater colonic production of SCFA. It should also be noticed that the changes in body traits found by Isken et al. (2010a) are similar to what is found for pigs by Just (1984) when the pigs consumed insoluble fiber. Gene expression analysis in white adipose tissue showed significantly increased fatty acid target G-protein coupled receptor (Gpr) 40 in soluble-fiber-fed mice. These results indicate that SCFA, when provided in an energydense, fat-rich diet, could contribute to increased de novo lipogenesis probably by stimulating adipogenesis through Gpr43 or Gpr40, as hypothesized by Robertson (2007) and outlined in Figure 4 . The same would probably not happen when pigs are fed conventional cereal-based diets because the major part of the fiber in the diets will be insoluble (Table 2 ), but could happen when pigs are fed a diet rich in soluble fiber or with greater RS. In both cases, the production of SCFA in the colon would be significantly enhanced absolute and relative compared with a diet with insoluble fiber (Table 3) , which could lead to greater fat accumulation in the carcass as Gpr43 is also expressed in adipose tissue in pigs (Hou and Sun, 2008) .
The study of Isken et al. (2010a) also provided a clue for a molecular understanding of how insoluble fiber could lead to reduced fat deposition and changed carcass composition. Mice fed the insoluble fiber showed significantly increased expression of forkhead transcription factor (Foxa2) and peroxysome co-activator β (Pgc-1β) compared with soluble-fiber-fed mice indicating increased fatty acid oxidation ( Figure 5 ). The transcription factors are known to have an important role in the regulation of hepatic lipid homeostasis because co-expression of Foxa2 and Pgc-1β was reported to concomitantly increase gene expression of key enzymes of mitochondrial β-oxidation. The significantly increased expression in liver of PPAR-α and diacylglycerol acetyltransferase-2 in insoluble-fiber-fed mice in the study of Isken et al. (2010a) are in agreement with these findings, thus potentially contributing to increased β-oxidation and reduced fat mass in mice fed insoluble cereal fiber. To what extent the differences in liver gene expression are linked to the fiber-induced differences in body composition reported for pigs in the studies of Just (1982a Just ( ,b, 1984 , however, warrants further investigations. Just (1984 Just ( , 1982a .
2
The concentrations of starch, nonstarch polysaccharides, and fiber (nonstarch polysaccharides + lignin) were calculated from the dietary raw material composition and the data concerning the concentration of nutrients from Bach Knudsen (1997).
SUMMARY AND CONCLUSIONS
Polymeric carbohydrates represent the greatest feed energy fraction in swine. The ratio between starch, mostly digested and absorbed in the small intestine, and NSP and RS, the major part being digested and absorbed from the large intestine, has a major influence on the composition of products deriving from carbohy- (Hprt) , and the intervention group fed the soluble fiber diet was set to 100%. Forkhead transcription factor (Foxa2), peroxisome coactivator β (Pgc-1β), l-carnitine palmitiol transferase1 (Cpt-1), acetyl-CoA oxidase (Aox), diacylglycerol acetyltransferase-2 (Dgat-2), uncoupling protein2 (Ucp-2), and PPAR-α were measured in liver tissue of mice fed soluble vs. insoluble fiber (n = 5 to 6 per group). *P < 0.05, **P < 0.01. Data are from Isken et al. (2010a) with permission from the publisher. drate assimilation and the endocrine response, which may influence growth and development in pigs. However, although there is enough evidence that fiber (i.e., NSP) can significantly affect carcass composition, the type of starch (i.e., amylose or amylopectin) has no effect on carcass composition.
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